Introduction
Agriculture is the major source of livelihoods in Bangladesh, accounting for more than one third of national income and employing about two-third of the labour force (McIntire, 1998) . The sector is dominated by crop production, particularly rice. Being one of the most densely populated nations of the world the land-population ratio is highly unfavourable, resulting in poor food security and widespread hunger (Ahmed and Sampath, 1992) .
Consequently, national policies have been directed towards transforming agriculture through rapid diffusion of modern varieties of rice and wheat, including the provision of the modern inputs needed to support such a strategy. This has led to an increase in fertiliser use, from 8.8 kgs. of nutrient per hectare in 1970, to 48.3 kgs per hectare in 1994. There has been a three-fold rise in pesticide use, from 2,200 metric tons in 1982, to 6,500 metric tons in 1994, and the area under modern irrigation rose from zero in 1950, to 23.7 percent of the gross cropped area in 1994 (Rahman, 1998) .
As a result, food grain (rice and wheat) production grew at a rate of 3.25% per annum from 1948 to1994, as compared with a population growth rate of 2.45% a year from 1950 to 1994 . Thus, Bangladesh has been a food deficit country, but food imports have been kept within 10 percent of domestic demand since the 1970s, with occasional self-sufficiency in one or two recent years.
However, it has been suggested that the productivity growth from new agricultural technology is declining and that this trend is a threat to sustainable economic development in
Bangladesh (Alauddin and Tisdell, 1991) . Although overall food production steadily increased, the yield of modern rice varieties declined from 3.6 tons per hectare in 1969 to 2.4 tons in 1994 . To some extent, this decline is the result of the spread of the single family of successful varieties to less suitable land, but increased intensity and the short stemmed modern varieties have combined to reduce soil fertility, since less biological material is returned to the land . Thus, although yields and the level of use of modern inputs in Bangladesh agriculture is far lower than average world levels, the scope for increasing input use levels with a declining yield trend is limited. Therefore, output growth to meet the growing demand for food must rely on improvements in technology and efficiency.
Studies on total factor productivity (TFP) growth in Bangladesh crop agriculture are limited to the work of Pray and Ahmed (1991) and Dey and Evenson (1991) , which both use the Tornqvist-Theil index approach. Since this formulation assumes technical efficiency, the changes in TFP have not been decomposed into technological progress and technical efficiency changes. This study fits a translog stochastic frontier production function to panel data on 16 regions, for the 31-year period from 1961 to1992. Since the modern variety that was introduced in the mid 1960s, diffused more rapidly in the 1970s, and slowed in the 1980s, this period covers the effects fully. The parameters of the stochastic frontier provide estimates of the changes in technical efficiency and technical progress as well as TFP, allowing policy implications to be inferred.
The next section of this paper outlines the methodology used to derive the TFP index from the stochastic frontier estimates. Section three describes the data and section four the estimation and hypothesis tests. The results are reported in section five and six discusses the TFP index and its elements. Section seven analyses the causes of change in efficiency, technical change and TFP and eight concludes with some policy inferences.
Methodology
The stochastic frontier production function for panel data can be written as:
where Y it is production in year t (t = 1, 2, …, 31) for region i (i = 1, 2, ….., 16); β is the vector of parameters to be estimated; the V it s are the error component and are assumed to follow a normal distribution N(0, σ 2 v ); the U it s are non-negative random variables, associated with technical inefficiency in production, which are assumed to arise from a normal distribution with mean, µ and variance, σ 2 u , which is truncated at zero. The model used here incorporates a simple exponential specification of the time-varying inefficiencies, following Battese and Coelli (1992) .
The technical efficiency of production for the i th region at the t th year can be predicted using (2) (Coelli et al., 1998) :
Technical efficiency change (EC it ) is then calculated as:
An index of technological change (TC it ) between two adjacent period s and t for the i th region can be directly calculated from the estimated parameters of the stochastic production frontier. The partial derivatives of the production function are evaluated with respect to time at x it and x is . We then converted these into indices and calculated their geometric mean. Following Coelli et al., (1998) , the calculation of the technical change index is:
The indices of technical efficiency change and technological change obtained by using equation (3) and (4) respectively can be multiplied to obtain a TFP index:
which is equivalent to the decomposition of the Malmquist index suggested by Fare et al. (1985) .
Data and Variables
The data used for this analysis are adapted from Deb (1995 Research expenditure Technology adopted at farm level depends on the technology generated by the research system and there is a time lag involved from the point of technology generation to adoption. In order to take the lag into account, the weighted sum of research expenditures over a period of 14 years was used. The research variable is constructed as ΣW t-i R t-i , where W i is a weight and R t-i is research investment in year t-i measured at constant 1984/5 prices. The weight for the current year research expenditure is zero, for one year lag, 0.2 while for 2 years lag it is 0.4 and so on (for details, see Dey and Evenson, 1991) .
Estimation and Hypothesis Tests
First, the functional form of the stochastic frontier is determined by testing the adequacy of the Cobb Douglas relative to the less restrictive translog. These frontier models are defined as and respectively. Y is the log of aggregate crop output, and the five independent variables (x i ) are the logs of fertiliser, labour, draft animal power, and land and the time trend. D is the dummy variable used to adjust for the severe floods in 1988. The variables are mean-differenced to allow direct estimation of the output elasticities, as is explained in the results section.
The maximum-likelihood estimates (MLE) of the parameters in the Cobb-Douglas and translog stochastic frontier production function models defined by (6) and (7), given the specifications defined by (1), were obtained using FRONTIER 4.1 (Coelli, 1994) . A series of formal hypothesis tests are conducted to determine the preferred functional form and the distribution of the random variables associated with the existence of technical inefficiency and the residual error term.
The results of the hypothesis tests using Likelihood Ratio (LR) tests are presented in Table   1 . The first null hypothesis that the Cobb-Douglas production function is an adequate representation for the Bangladesh crop data (H 0 : β ij = 0 , i,j, = 1, … 5) is strongly rejected, indicating that the translog production function is the preferred model. The second null hypothesis, that there is no technical change over time (H 0 : β 5 = β 51 = β 55 = 0) is also strongly rejected by the data, indicating that technological change exists in the Bangladesh crop sector. Thus, the magnitude and direction of technological change will be determined later. Table 1 here
) is the ratio of the error variances from equation (1).
Thus, γ is defined between zero and one, where if γ = 0, technical inefficiency is not present, and where γ=1, there is no random noise. The test of significance of the inefficiencies in the model (H 0 : γ = µ= 0) is rejected, indicating that it is a significant improvement over an OLS function. The hypothesis that the technical inefficiency effects have a half-normal distribution (H 0 : µ = 0) is also rejected. Finally, the hypothesis that technical inefficiency of the regions are time invariant (H 0 : η= 0) is rejected, indicating that technical efficiency levels vary significantly over time.
Results
The parameter estimates for the translog stochastic frontier production function are reported in Whereas for the Cobb Douglas the coefficients are themselves output elasticities (except for the time variable), for the translog the elasticities are functions of the estimated coefficients and the values of the input variables. However, when the mean-differenced variables (that is, X i * = X iXbar) are used in the estimation of the translog function, the output elasticities are again simply the coefficients on the first order terms. All four inputs, land, fertiliser, labour and animal power, appear to be the major determinants of agricultural growth. However, land remains the single most important input with an output elasticity of 0.67 followed by animal power at 0.22 and fertiliser at 0.13, respectively. Reasonably enough, for a labour surplus economy, labour has the lowest output elasticity of only 0.08 and indeed is only significantly different from zero at the 10 percent level.
The dummy variable, incorporated to capture the drastic fall in output due to floods, is justified as is indicated by the highly significant negative coefficient.
The indicator of returns to scale is the sum of the coefficients on the four conventional inputs, which is 1.10. The null hypothesis of constant returns to scale is rejected in favour of increasing returns, indicating that an increase in farm size will increase production in Bangladesh crop agriculture. 2
The coefficient on the time-trend variable indicates that there is positive technological progress. The frontier is shifting upwards at an annual rate of 0.28 percent per annum and the effect is non-linear, as is indicated by the significant coefficients on the squared terms. However, the significant negative coefficient on η (the time-varying efficiency effect) indicates that technical efficiency is declining over time. The value of γ in the diagnosis statistics section is 0.91 and is highly significant. This simple test statistic further reinforces the notion that technical inefficiency in the Bangladesh crop sector is important and the mean response function is not an adequate representation, as was already determined by the LR test reported in Table 1 .
Total Factor Productivity and its Decomposition
The indices for changes in total factor productivity, technical efficiency and technological change for the period from 1960/61 to 1991/92 are presented in Table 3 . Technological change was negative until the more rapid diffusion of the modern variety, from 1973. Then, there was improvement in technology, with more rapid progress from 1985 onwards. However, the persistent 2 A simple t-test is used to establish this, but the variance must be calculated from the data. The returns to scale measure is just the sum of elasticities of first order terms (RTS = Σλθ), where λ is a row vector with 1 corresponding to the elements of θ (vector of coefficients) and zero everywhere. This, RTS-1is divided by the square root of the covariance matrix V(RTS) = λV(θ)λ' to give the t test, where t = (RTS-1)/[V(RTS)] 1/2 . decline in efficiency, starting from the late 1970s, becomes the dominant force by the second half of the 1980s. Thus TFP, which was recovering in the late 1970s and early 1980s due to the spread of the modern varieties, declines from its peak to levels lower than ever before.
The indices are constructed from econometric estimates so they tend to show the stylised facts rather than the true situation. The model may well fail accurately to decompose the effects of technological progress and efficiency change. Indeed, although there was some amount of switching from rice to wheat, where all the varieties are modern it is likely that the technological progress index should have ceased growing at the end of the period, as no really new rice varieties were available. This deficiency would result from fitting a parametric function, which is not sufficiently flexible to allow for a further turning point. The efficiency index may also suffer from limitations of this sort. The initial decline in efficiency corresponds to the improvement in the technology index, which is to be expected. Although yields in the most suitable regions continued to rise as the adoption of the modern varieties approached saturation, the same varieties spread to less suitable land, so that the yield of the modern varieties fell. For example, the coastal, central and north-eastern regions have been stagnant in their growth performance since the take-off stage of 'green revolution' and continued to be so although there is no difference in level of technology adoption as compared to other fast growth regions (Ahmed 2001) . These regions were historically suitable for traditional varieties but with the gradual displacement to modern varieties whose requirements are different. The more intensive use of modern inputs in these less advantaged areas did not produce the same level of increases in output, so the efficiency differences increased and TFP eventually began to fall.
More confidence can be placed in the TFP index itself and the decline in TFP at the end of the period is the key result. This was exacerbated by the characteristics of the modern varieties, which were fairly typical short-stemmed green revolution varieties. Grain yields were higher, but there was less biomass, so less biological material was returned to the land, either directly, or as animal manure. In fact use of lower than recommended level of fertilization is common in Bangladesh. Ahmed (2001) estimated that total levels of fertilizer use for rice production are about 40 -45 percent below the recommended levels. The levels are particularly lower in the use of phosphatic and potassic fertilizers, that are important for preventing sterilization in grains, which need to rise by 60 -70 percent in order to reach the recommended doses (Ahmed, 2001) . Hence, in the long run, soil exhaustion begins to play a role in the declining TFP, as more regions suffered from nutrient depletion. Another contributing factor for falling TFP is the re-use of MV rice seeds from one generation to the other, which inherently leads to lower level of productivity since its genetic purity is compromized. Unlike hybrid seeds, which require replacement every year, these self-pollinated non-hybrid MVs enable farmers to use as seeds. But the varietal potency deteriorates overtime as the seeds become mixed with inferior strains owing to cumulative effect of out-crossing (Ahmed, 2001 ). In principle, these self-pollinated MVs also require replacement in 4 -5 years time to maintain productivity. Table 3 here Figure 1 shows the long-term trends more clearly. The indices are smoothed because they are derived from econometric estimation, but should approximate the actual changes fairly closely.
Technological change followed a U-shaped, curve with technical regress until the late 1960s and picked up since then, due to the diffusion of the green revolution technology. As the green revolution technology reached its mature stage in mid-1980s, the technical change curve rose sharply upwards. The combined effect of the persistently declining efficiency levels and the Ushaped technological progress index gives the TFP index, which declined until the mid seventies, recovered with the diffusion of the green revolution technology, but then started to decline again from 1988. By then, the overall rate of efficiency decline, estimated at about 0.47 percent per year, dominated the technological progress effect. The rate of technical progress is estimated at 0.27 percent per annum, conforming with the time-trend coefficient in the production frontier estimation.
The opposing effects of efficiency decline and technological progress resulted in an estimated decline of TFP at 0.23 percent per year. This net effect of declining TFP reflects the continuing soil nutrient depletion and raises serious concerns regarding the sustainability of the agricultural sector in Bangladesh.
Figure 1 here 7 Factors Explaining TFP, Efficiency and Technical Change
The region-specific indices of technical efficiency, technical change and TFP are separately regressed on the seven explanatory variables already defined in section 3. These are the green revolution technology, education, infrastructure, drought proneness, flood proneness, extension expenditures, and research expenditures. The a priori expectation is that green revolution technology, education, infrastructure, extension expenditure and research expenditure will generally have positive influences while flood and drought proneness will have negative influences. The OLS estimates of these explanatory variables on three indices are reported in Table 4 , which also confirms the a priori expectations in terms of the direction of these effects.
The contribution of the green revolution technology to efficiency has the expected positive impact and is significant in all three models. Also the level of influence of this variable is highest, revealing its dominant influence on crop agriculture in Bangladesh. Conversely, the infrastructure variable has incorrect signs in all three models and is significant in the technological change and TFP models, with relatively large coefficients. The a priori assumption is that better infrastructure will lead to more effective input delivery, output marketing and information flows, thereby leading to increases in efficiency and hence TFP growth. Instead, the dominant effect of better infrastructure appears to be that it allows the rural population to undertake more non-farm and non-agricultural activities, leading to a negative effect on these indices.
Similarly, education also has incorrect signs throughout and is significant in the TFP model. This result was not unexpected since the negative influence of education on crop output, and the adoption of modern agricultural technology, has previously been reported by Deb (1995 ), Hossain (1989 and Rahman and Shankar (1999) . The reason suggested is that higher education provides opportunities for moving away from agriculture, which is less rewarding, and the education system is not oriented to agriculture. The flood proneness variable has the correct negative sign throughout and is significant in the TFP model. Flooding is a natural catastrophe and a regular event in Bangladesh, which frequently significantly damages crop output. The major effect on output was during the nation-wide severe flood of 1988, which was captured by the dummy in the frontier model as well.
On the other hand, the drought proneness variable has an incorrect significant sign in technical efficiency model, while it has correct signs in the remaining two models, and is a significant influence in the technological change model. The significant positive influence of drought proneness on technical efficiency can be explained with respect to the type of proxy variable used to measure this effect, which is the proportion of area under broadcast Aus rice. As this traditional variety of rice is used with minimum modern input usage, the output potential for this rice varies less with drought levels and this lack of variability results in high technical efficiency. Sharif and Dar (1996) also reported a relatively higher level of technical efficiency in producing traditional rice, as compared with modern varieties.
The extension expenditure and research variables actually restore some confidence in this model, as the results discriminate correctly between the two activities. The effect of extension expenditures should be to move inefficient farmers closer to the frontier and this effect is correctly identified. Research should be affected by feedback from extension and the link to TFP would also be positive in an ideal world. In reality, or at least in many other studies, extension fails to have an effect on TFP and the competition for funds between research and extension could well explain the negative impact on technological change. Similarly, research should have its strongest effect on technological change, which is identified, and in this case the effect feeds through into TFP growth, which is also positive. Again, the negative effect on technical efficiency would occur if research and extension compete for a fixed budget.
In short, it can be stated that Green Revolution technology adoption, extension expenditure and drought proneness increases technical efficiency while research expenditure works in opposite direction. On the other hand, Green Revolution technology adoption and research expenditure increases technical progress while infrastructure, education, flood proneness, drought proneness and extension expenditure retards technical progress as well as reducing TFP growth.
Conclusion and Policy Implications
This paper uses panel data for 31 years to study technical efficiency, technical progress and TFP growth in Bangladesh crop agriculture using a stochastic frontier approach. In this approach, TFP indices are constructed without price data, which are difficult to obtain and often not too reliable in developing countries. The results differ somewhat from the earlier works of Pray and Ahmed (1991) and Dey and Evenson (1991) , both for this reason and probably due to differences in the period under consideration.
Despite technological progress following the onset of the Green Revolution, since the 1970s TFP declined over the period, largely due to persistent decline in technical efficiency. Sharif and Dar (1996) indicated relatively lower technical efficiency (81.5 percent) and greater variability in efficiency of modern rice farmers. Deb (1995) also estimated an overall technical efficiency level of 74 percent for rice farmers. Declining TFP raises serious concerns about food security and the sustainability of crop agriculture. However, the high levels of mean technical efficiency of the regions indicate that there is little scope for improving productivity by improving efficiency alone.
Thus far, Bangladesh Rice Research Institute (BRRI) released 38 high-yielding varieties in 28 years (Ahmed, 2001) but are poorly disseminated and only limited number of varieties are widely available. Little attention was paid to develop varieties that are suitable for unfavourable regions, such as in saline zones and/or elevated regions dependent on monsoon rain. Rice research has paid well in Bangladesh (Ahmed, 2001) and that requires strengthening. Also, effective seed distribution policy to tackle the habit non-replacement of seeds is important to maintain productivity.
Investment in irrigation and water control measures, which has been largely dissimilar across regions (Ahmed, 2001) , require balancing. Also, balanced and optimal use of fertilizers are necessary in maintaining productivity which can be achieved through appropriate pricing and trade policies that uphold producers' incentives in rice production. Note: *** = significant at 1 percent level (p<0.01). ** = significant at 5 percent level (p<0.05). * = significant at 10 percent level (p<0.10). 
